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Background. Cancer cells that overexpress c-erbB onco- 
genes exhibit resistance to chemotherapy, enhanced tu- 
rn origenicity, as well as increased propensity for metas- 
tasis. The aim of this study was to investigate if depletion 
of erbB-l/EGFR and erbB-2/HER2neu oncogene products 
by 17-allylamino 17-demethoxy Geldanamycin (17AAGA) 
could diminish the metastatic potential of non-small cell 
lung cancer (NSCLC) cells that express varying levels of 
the erbBl/erbB2 oncogenes. 

Methods, NSCLC cell lines (H460, H358, H322, or H661) 
were assayed for expression of erbBl and erbB2, the cell 
adhesion molecule E-cadherin, secretion of the matrix 
metalloproteinase 9 (MMP-9), and vascular endothelial 
cell growth factor (VEGF), as well as tb 'i * ability to 
invade Matrigel after 48-hour exposure to 17/kAGA, 

Results, 17AAGA significantly depletevl urbBl or 
erbB2 levels in NSCLC cells expressing high levels of 



these proteins, and effectively inhibited their growth 
with IC50 values ranging from 50 to 90 nmol/L. Moreover, 
drug treatment enhanced E-cadherin expression in H322 
and H358 cells, and inhibited secretion of MMP-9 and 
VEGF secretion by tumor cells. 17AAGA diminished 
hypoxia-induced upregulation of VEGF expression as 
well as growth factor-mediated augmentation of MMP-9 
secretion, and profoundly inhibited the ability of H322 
and H358 cells to migrate through Matrigel in response to 
chemoattractants* 

Conclusions. In addition to its known antiproliferative 
and chemosensitization effects, 17AAGA inhibits the 
metastatic phenotype of lung cancer cells. 17AAG A may 
be a novel pharmacologic agent for specific molecular 
intervention in lung cancer patients. 

(Ann Thorac Surg 2000;70:1853-60) 
© 2000 by The Society of Thoracic Surgeons 



Patients with non-small cell lung cancer (NSCLC) 
frequently present with either locally advanced 
(stage IIIA/B) or systemic disease (stage IV). The overall 
prognosis for these individuals is very poor, with the 
median survival less than 9 to 12 months despite an 
aggressive combination of chemo and radiotherapy. 
More importantly, the main mode of treatment failure 
after curative -in tent therapy for early-stage NSCLC is 
systemic metastasis [1]. Acknowledging the fact that 
mature data of phase 11/111 clinical trials addressing the 
values of adjuvant chemotherapy for completely resected 
early-stage NSCLC are still forthcoming, there is no 
evidence that adjuvant therapy has any impact on the 
outcome of surgically treated NSCLC [2]. Micrometasta- 
ses derived from lung cancers may have low proliferative 
activity, rendering them insensitive to standard cytotoxic 
agents. Hence, there is an urgent need for novel antineo- 
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plastic agents that exhibit strong antiproliferative effects 
as well as a capacity to inhibit the metastatic potential of 
tumor ceDs. . 

Solid tumor metastases arise by a multistep process 
regulated by complex interactions between tumor cells 
and adjacent stromal tissues [3]. In association with 
altered expression* of adhesion molecules such as E- 
cadherin, cells detach from the main tumor mass and 
migrate through the extracellular matrix, degraded by 
tumor-derived matrix metalloproteinases (MMPs). After 
dissemination, cells exit from the vasculature and estab- 
lish metastatic deposits, facilitated by the expression of 
integrin or hyaluronate (CD44) receptors, and the secre- 
tion of angiogenesis factors such as vascular endothelial 
cell growth factor (VEGF). 

Experimental and clinical data have indicated that 
overexpression of erbBl and erbB2 protooncogenes en- 
coding the epidermal growth factor receptor (EGFR) and 
the orphan receptor {HER2/neu), respectively, correlates 
with locally advanced disease, distant metastases, and 
diminished survival in patients with breas^ luJ^g. esoph- 
ageal, and ovarian carcinomas [4-71. Tumor cells overex- 
pressing these protooncogenes exhibit one or more phe- 
notypes correlating with enhanced metastatic potential 
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including downregulntion of E-cadherin expression, in- 
creased secretion of MMP-9 and VEGF, and accelerated 
invasion through extracellular matrix [8-10]. Therapeutic 
strategies that specifically target erbB should inhibit 
mitogenic signaling via erbBl and erbB2 pathways and 
may reduce the proliferation and metastatic potential of 
cancer cells; indeed, treatment of cells overexpressing the 
erbBl or erbB2 gene products with antagonistic mono- 
clonal antibodies significantly inhibits their metastatic 
phenotype [10, 11). 

The benzoquinone ansamycin antibiotic geldanamycin 
(CA) and its less toxic synthetic derivative, 17-allylamino 
17-demethoxy geldanamycin (17AAGA), have been re- 
cently selected for clinical development at the National 
Cancer Institute based upon their activity against cell 
lines derived from a variety of human malignancies [12, 
131. The growth inhibitory effects of geldanamydn and 
17AAGA appear related to their ability to inhibit the 
expression of several cellular oncoproteins, including 
erbBl and erbB2 [13]. In the present study, we sought to 
evaluate if 17AAGA could modulate the metastatic po- 
tential of lung cancer cells overexpressing the erbBl and 
erbB2 gene products. Herein, we demonstrate that treat- 
ment of NSCLC cells with 17AAGA results in significant 
reduction of erbBl or erbB2 expression, profound inhibi- 
tion of cell proliferation, upregulation of E-cadherin 
expression, and downregulation of VEGF and MMP-9 
secretion, paralleling with diminished capacity to invade 
extracellular matrix in vitro. 

Material and Methods 

Cells and Reagents 

The NSCLC cells H460, H358, H661, and H322 were 
purchased from ATCC (Manassas, VA), and were grown 
in RPMI-1640 medium supplemented with glutamine 
(1 mmol/L), penicillin (100 U/mL)/streptomycin 
(100 fxgfmLl and 10% fetal bovine serum (FBS) (all 
purchased from Biofluids, RockviUe, MD). Normal hu- 
man bronchial epithelial (NHBE) cells were purchased 
from Clonetics, Inc (WalkerviUe, MD) and maintained in 
bronchial epithelial cell basal media (Clonetics, Inc). 
17AAGA was obtained from the Drug Synthesis and 
Chemistry Branch, Developmental Therapeutics Pro- 
gram, Division of Cancer Treatment, National Cancer 
Institute, and dissolved in dimethyl sulfoxide to yield a 
100 ^tmol/L stock solution, which was stored at -70''C. 
All experiments using this compound were performed 
under subdued lighting conditions. Recombinant human 
epidermal growth factor (EGF) and heregulin-a (HRG) 
(purchased from R&D, Minneapolis, MN), and the anti- 
erbBl and anti-erbB2 monoclonal antibodies (purchased 
from Cnlbiochem/Oncogene Research Products, Cam- 
bridge, MA), were constituted in phosphate-buffered 
saline (PBS), and stored at 4''C as recommended by the 
manufacturers. The E-cadherin antibody was obtained 
from ICN Biomedioils, Inc (Aurora, OH). 



hnmiinofluorescent Staining and Flow Cytometric 
Analysis of erbBl, erbBl, and E-cadherin 
Expression of erbBl, erbB2, and E-cadherin in NSCLC 
cell lines was quantitated by flow cytometry using a 
Becton-Dickinson (San Jose, CA) fluorescence-activated 
cell sorter (FAGS). In brief, cells grown in either normal 
media with or without 17AAGA were harvested by tryp- 
sin/EDTA. To prevent proteolysis of surface adhesion 
molecules, cells harvested for E-cadherin staining were 
treated with 0.01% crystallized trypsin in the presence of 
1 mmol/L of calcium, then washed in Ca/Mg-free PBS. 
Single-cell suspensions were incubated with either anti- 
erbBl, anti-erbB2, or anti-E-cadherin monoclonal anti- 
bodies for 60 minutes at room temperatiu-e. Cells were 
then washed with PBS, and incubated with fluorescent 
isothiocyanate (FITC)-conjugated goat anti-mouse IgG 
antibody at room temperature for 60 minutes in the dark. 
An irrelevant mouse IgG isotype monoclonal antibody 
was used as a negative control for FAGS analysis. A 
minimum of 10* cells were analyzed by FAGS flow 
cytometry. The magnitude of surface expression of these 
proteins was indicated by the mean fluorescence inten- 
sity (MFI) of positively stained cells. The MFI of isotype 
IgG control samples was always less than 10. 

In Sitii Immunofluorescent Staining of E-cadherin 
Cells were cultured in chamber slides (Nalge Nunc 
International Corp, Naperville, IL) until 80% confluent, 
washed with PBS, fixed with 1% paraformaldehyde for 10 
minutes, and permeabilized with acetone for 5 minutes. 
Immunofluorescent staining for E-cadherin was per- 
formed similar to that described for flow cytometry. 
SUdes were examined under the fluorescence micro- 
scope. Fluorescent photomicrographs were taken at 200X 
magnification. 

MMP-9 Assay 

Cells were grown to confluence in six-well plates, washed 
twice with PBS, and then incubated with 2 mL of fresh 
serum-free RPMI-1640 medium. In the 17AAGA treat- 
ment group, cells were replenished with media contain- 
ing either 20 or 80 nmol/L of 17AAGA. After 48 hours of 
incubation, conditioned media were harvested and fro- 
zen at -70*C tmtil assayed for MMP-9 expression using 
an enzyme-linked immunosorbent assay (ELISA) kit 
(Calbiochem/Oncogene Research Products, Cambridge, 
MA). Cells from each well were collected, and total 
cellular protein was assayed by bicinchonimc acid (BCA) 
technique (Pierce, Rockford, IL). MMP-9 levels in the 
conditioned media were expressed as pg/mL//* h/mg of 
total cellular protein. 

VEGF Assay 

Cells were grown to 80% confluence in 24-well plates, 
washed once with PBS, and replenished with 2 mL of 
fresh RPMI-1640 alone or containing either 50 /Ltmol/L or 
100 ^mol/L Cobalt Chloride (CoCy to simulate hypoxia 
[14]. In the 17AAGA treatment groups, appropriate ali- 
quots of 100 X 17AAGA stock were added to the culture 
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Fig t (A) Flow cytometric analysis of basal expression and VAAGA-mediated depletion of erhBl and erbB2 surface receptors in 4 NSCLC 
cell lines and normal human epithelial cells (NHBE). Exposure of these cells to 80 nmol/l of 17AAGA for 48 hours resulted in significant re- 
duction of surface expression of these two receptors. Data are expressed as means :^ SD of three independent experiments Cp < O.OOOt ftp < 
0,001). (B) Dose-dependent growth inhibiHon of NSCLC cells in vitro by 17AAGA. Cells were seeded in 9S-well plates and, after an overnight 
incubation, were continuously exposed to varying doses of 17AAGA for 96 hours. Viable cells were quanHtated by MTT assay. IC^o values, 
estimated from these dose-response curves, are indicated in parentheses. Data are expressed as means :r SD cf three independent experiments. 



media to yield a final concentration of 80 ninol/L. After 
48-hour incubation, conditioned media were harvested 
and frozen at -ZCC until assayed for VEGF. VEGF levels 
in the conditioned media were evaluated using an ELISA 
kit (R&D) and expressed as ng/mL/24 h/10* cells. 

Matrigel Invasion Assay 

The chemoinvasion assay was performed as previously 
described [15]. Briefly, polyvinyl pyrrolidone-free poly- 
carbonate filters (10-/xm pore size; Neuroprobe, Gaith- 
ersburg, MD) coated with 500 /tg/mL of Englebreth- 
Holm-Swarm murine sarcoma basement membrane 
extract (Matrigel; Sigma Chemical Co, St. Louis, MO) 
were placed in a modified Boyden chamber (Neuroprobe, 
Gaithersburg, MD). Matrigel was diluted to the desired 
final concentration using cold (4''C) serum-free RPMI- 
1640 media. Filters were then placed in 15 mL of 500- 
^g/mL Matrigel in 100 x 15-mm Petri dishes and rotated 
at 45 rpm overnight at 4''C. Filters were air dried under a 
sterile hood immediately before use. Cells (6 X 10^/mL) 
were suspended in serum-free RPMI and added to the 
upper chamber (30,000 cells/well). The lower chamber 
contained serum-free conditioned media from cultures of 
NIH 3T3 cells as a chemoattractant. Chambers were 
incubated at 37°C in 5% CO^ for 6 hours. At the end of the 
incubation, cells on the upper surface of the filter were 
aspirated off and the filters were fixed in methanol and 
stained with Diff-Quik II, a Wright-Geimsa stain (Baxter, 
McGaw Park, IL). Cells that had invaded the lower 
surface of the filter were counted by light microscopy and 
data were expressed as cells/5 high-power fields 
(HPF)/well. 



Data Analysis 

Data are expressed as means ± standard deviation (SD). 
Student's t test and one-way analysis of variance (with 
Bonferroni test for pairwise comparisons) were used for 
statistical analysis using Prism 2.0 software package from 
Graphpad Software, Inc (San Diego, CA). 

Results 

Constitutive Expression oferbBl and erbBZ in 4 
NSCLC Cells Lines 

The NSCLC cell lines used in this study express different 
levels of erbBl and erbB2 surface receptors as deter- 
mined by flow cytometric analysis (Fig lA). In compari- 
son with the receptor levels expressed in confluent 
NHBE, H460 cells express low levels of both erbBl and 
erbB2; H661 and H358 cells express high levels of erbB2, 
but not erbBl, whereas H322 cells overexpress both 
erbBl and erbB2. Forty-eight-hour exposure of these cells 
to 80 nmol/L 17AAGA resulted in significant reduction of 
surface expression of erbBl or erbB2 in cells exhibiting 
elevated levels of these receptors. In parallel with inhi- 
bition of erbBl or erbB2 expression, continuous exposure 
of these cells to 17AAGA for 96 hours resulted in a 
dose-dependent inhibition of cell proliferation, with es- 
timated ICso (concentrations of drug that inhibit 50% of 
cell proliferation) values ranging from 60 to 90 nmol/L 
(Fig IB). 

Upregulation of E-Cadherin by 17AAGA 
Expression of the calcium-dependent epithelial cell ad- 
hesion molecule E-cadherin was readily detectable by 



1556 NGUYEN ET AL 

MODULATION OF VTETASTATIC PHENOTYPE BY IT-AAGA Thorac Surg 



2000;70:1853-60 



is 




■ NomulMedia 
C 17AAGA(eOnM} 



h 



H322 



Normal Media Control 
H358 H661 



H460 




H322 



17AAGA Treatment 
H358 H661 



H460 




H460 H35a H322 H6S1 NHBE 

Cell Lines 

A B 

Fig 2. (A) Flow cytometric analysis of surface expression ofE-cadherin on NSCLC cells under normal or 17AAGA condition. Similar levels of 

fo ljZcTfsTiJlm] T; "P"P''-"<^ ofE.a,dhenn expression was observed in H358 and H322 cells after iS-hour exposure 

to 17AAGA (80 nmol/L). Data are expressed as means = SD of four independent experiments Cp < 0.01). (B) Immunofluorescent anZsis of 
lung cancer cells grown xn normal media or media containing 17AAGA. After exposure to 17AAGA. H358 and H322 cells exhibit increased 
memorane localization of E-cadhenn. 



flow cytometry in NHB^, H32i and H358 cells and not in 
H460 or H661 cells; results that were consistent with previ- 
ously published data concerning E-cadherin expression in 
these cells [111. The mean fluorescence intensity of E- 
cadherin in H322 and H358 cells increased 1.5- to 2-fold 
after treatment with 17AAGA (80 nmol/L for 48 hours) (Fig 
2A). The percentages of positively stained cells also in- 
creased significantly after 17AAGA treatment in these cell 
Hnes (63% ± 13% and 58% ± 10% of 17AAGA-treated cells 
vs 47% ± 7% and 38% ± 8% of untreated H358 and H322 
cells; p = 0.05 and p = 0.02, respectively). No upregulation 
of this adhesion molecule was noted in H460 and H661 cells. 
Although diffuse cytoplasmic staining for E-cadherin was 
noted both in control and 17AAGA-treated cells, intense 
fluorescence indicating localization of E-cadherin to the cell 
membrane was only observed in treated H358 and H322 
cells. No such membrane localization was noted in H460 or 
H661 cells after 17AAGA treatment (Fig 2B). 

Downregiilation ofMMP-9 Secretion 
Continuous exposure of NSCLC cells to either 20 or 80 
nmol/L of 17AAGA significantly inhibited MMP-9 secre- 
tion in a dose-dependent manner, uith an overall reduc- 
tion of up to 50% relative to baseline control levels (Fig 
3 A). Moreover, incubation of H358 and H322 cells, which 
express high levels of both erbBl and erbB2 receptors 
with agonistic recombinant human EGF or heregulin-a, 
augmented secretion of MMP-9 by 35% to 50% relative to 
baseline. 17AAGA treatment completely blocked ligand- 
mediated upregulation of MMP-9 production in these 
two cell lines (Fig 38). 

Suppression ofVEGF Secretion by 17AAGA 

NSCLC cells differed widely in their ability to secrete 

VEGF into the culture media. Values ranged from ap- 



proximately 1,000 pg/mL/24 h/10* cells (H460, H322) to as 
high as 15,000 pg/mL/24 h/10* cells (H358) (Fig 4A). 
Cobalt chloride (CoClj), which simulates hypoxic condi- 
tions by interfering with cellular oxygen sensing mecha- 
nisms [14], induced significant upregulation of VEGF 
secretion (Fig4A). Forty- eight-hour exposure to 17AAGA 
(80 nmol/L) significandy suppressed basal VEGF secre- 
tion in cultured lung cancer ceDs, with the magnitude of 
inhibition ranging from 10% to 50%. Furthermore, 
17AAGA suppressed hypoxia -induced upregulation of 
VEGF secretion; the magnitude of inhibition in treated 
cells ranged from 30% to 45% relative to untreated 
"hypoxic" cells. To confirm these findings, cells were 
incubated in a hypoxic chamber (95% Nj and 5% Oj). As 
expected, profound augmentation of VEGF secretion 
was noted in response to hypoxia, which could be 
effectively inhibited by 17AAGA (either 80 or 160 nmoI/L) 
in a dose-dependent manner in all cell lines examined 
(Fig 48). 

Inhibition of Matrigel Membrane Invasion 
The ability of cancer cells to migrate through the artificial 
extracellular matrix membrane, Matrigel, frequently corre- 
lates with their invasiveness in vivo [161. Forty-eight-hour 
exposure to 17AAGA (80 nmol/L) significandy inhibited the 
ability of H322 and H358 ceUs to migrate through Matrigel. 
This inhibitory effect of 17AAGA was profound in H322 
cells, with up to a 60% reduction in the number of ceUs 
invading through the membrane (109 ± 28 celIs/5 HPF of 
17AAGA-treated ceUs vs 293 ± 42 ceUs/5 HPF in untreated 
control ceUs; p < 0.001) (Fig 5). 17AAGA inhibited the 
invasiveness of H358 cells by approximately 40% (116 ± 8 
cells/5 HPF of 17AAGA-treated ceUs vs 190 ± 14 cells/5 HPF 
of control cells; p < 0.01). 
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% 3. 64; £L/SA analysis ofMMP-9 secretion hy NSCLC cells, grown in the absence or presence ofUAAGA Exposure of NSCIC cells to 
17AAGA resulted in a dose-dependent reduction of MMP-9 levels in the condiHoned media < 0.001 vs normal media, 'p < 0.01 17AAGA 
[80 nmol/L] vs normal media, < 0.05 17AAGA [80 nmol/L] vs normal media). The magnitude of inhibiHon of MMP-9 producHon is dis- 
played in the upper nght graph. Results are mean :t SD of four independent experiments. (B) Suppression of growth factor-mediated upregu- 
lation of MMP-9 secretion by 17AAGA (80 nmol/L) in H322 and H358 cells, IncubaHng H322 or H358 cells with 20 nglml of either epider- 
mal growth factor (EGF) or heregulin a (HRG) for 48 hours induced 25% to 40% upregulation of MMP-9 secreHon, which was effectively 
inhibited by 17AAGA. Results are means H: SD of three independent experiments. 



Comment 

Better appreciation of the genetic and epigenetic fac- 
tors that govern malignant transformation and metas- 
tasis may facilitate the development of more specific 
anticancer therapies. In addition to the development of 
drugs that specifically target the cell cycle machinery. 



considerable efforts have been focused on the evalua- 
tion of novel biologic or pharmacologic agents that 
suppress tumor growth or invasion by inhibiting neo- 
angiogenesis or matrix metalloprotease activity. Acti- 
vation of erbB protooncogenes profoundly disrupts cell 
cycle regulation [171, and enhances the expression of 
"pro-metastasis" phenotypes, namely decreased E- 
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Bg 4. (A) ElISA analysis of basal and hypoxia-stimulated VEGF secretion by 17AAGA Significant upregulation ofVEGF secretion into the 
culture supematants by CoClz-simulnted hypoxic condition was observed in all cell lines Tp < 0.001). 17AAGA at 80 nmol/L substantially 
suppressed the baseline (in H358 cells) and hypoxia-induced VEGF (in all four cell lines) secretion (*p < 0.001 vs baseline controls and "p < 
0.001 versus hypoxia controls). TJie magnitude of inhibition of VEGF secretion by 17AAGA (expressed as percentages cf baseline or hypoxia 
controls) is displayed in the upper right graph. Data are mean - SD of three independent experiments. (B) ELISA analysis of VEGF levels in 
culture supematants after physical hypoxia (< 5% O^^ xvith or without 17AAGA (80 or 160 nmol/L). The magnitude of 17AAGA-mediated 
inhibition of VEGF secretion (expressed as percentages of hypoxia controls) is displayed in the upper right graph. Data from a representative 
experiment are shown in this graph. 
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Fig 5, Inhibition of H322 and H358 cell invasion through Matrigel 
Exposure of cells to 80 nmol/L 17AAGA for 48 hours reduced their 
invasion potential by 25% to 50% of that of normal cells. Data are 
means ± SD; each independent experiment was done in quadrupli- 
cate rp < 0.005, **p < 0,05). 



cadherin expression, increased VEGF and MMP secre- 
tion, as well as increased invasion through Matrigel 
(8-10]. These experimental results correlate closely 
with obsej ^'a^'ons regarding c-erbB overexpression 
and aggressive clinical behavior of solid tumors [4-7]. 
These data orr^vide the rationale for the development 
of treatment strategies specifically designed to abro- 
gate expression or function of the c-erbB signal trans- 
duction pathways. Antagonistic anti-erbBl and anti- 
erbB2 monoclonal antibodies, although not always 
effectively inhibiting tumor cell proliferation, have 
been shown to significantly upregidate E-cadherin 
expression, diminish VEGF and MMPs secretion, and 
reduce chemotaxis through extracellular matrix in vitro 
[10, 11]. Whereas these monoclonal antibodies may 
have limited clinical use from technical issues pertain- 
ing to delivery of macromolecules to tumor cells, 
low-molecular weight compounds such as 17AAGA 
that specifically inhibit erbB-mediated signal transduc- 
tion pathways at nanomolar concentrations are of 
particular relevance. 

In the present study, we sought to investigate the 
ability of 17AAGA to modulate expression of E-cadherin, 
MMP-9, and VEGF, each of which has been implicated in 
regulation of metastatic potential in tumor cells. The 
initial step of invasion and metastasis is the dissociation 
of cancer cells from the primary tumor mass resulting 
from aberrant expression of a variety of cell surface 
adhesion molecules, including integrin, immunoglobu- 
lins, secretins, and cadherins; the cadherins appear to be 
critical regulators of this process [18]. Cadherins are 
caldum-dependent transmembrane glycoproteins that 
mediate homophilic adhesion between cells. E-cadherin 
piays an important role in maintaining integrity of epi- 
thelial tissue; decreased E-cadherin expression or func- 
tion correlates with tumor dedifferentiation, increased 



invasiveness, and lymph node metastases in a number of 
human carcinomas including lung, breast, esophagus, 
and prostate [16, 18]. E-cadherin has been referred to as 
an "antimetastasis" adhesion molecule, because the high 
propensity for metastasis formation in E-cadherin- 
negative cells can be reversed by restoration of expres- 
sion of this adhesion molecule [19]. Previous studies have 
indicated an inverse relationship between erbBl activa- 
tion and E-cadherin expression in squamous cell cancers 
of skin and esophagus, as well as breast carcinomas [11, 
20]. Upregulation of E-cadherin expression and inhibi- 
tion of chemotaxis has been observed in H322 cells after 
exposure to an antagonistic monoclonal antibody di- 
rected against the erbBl receptor [11]. 

MMPs are enzymes secreted by normal as well as 
cancer cells that degrade extracellular matrix and in- 
fluence cell motility, tissue implantation, and angio- 
genesis. Considerable evidence indicates that MMP 
expression is increased in cancers relative to adjacent 
normal tissue, and levels of MMP expression correlate 
with tumor invasiveness and distant metastases [21]. 
There exist at least 10 isoforms of these proteases, each 
of which has imique substrate specificity. Secretion of 
MMPs is regulated by growth factors, some of which 
activate erbBl or erbB2 mitogenic pathways. Inhibition 
of MMP activity either by recombinant tissue inhibitor 
of MMP or pharmacologic agents such as batimastat or 
marimastat decreases tumor growth, invasion, and 
metastasis in vivo [21]. More interestingly, reduction of 
MMP levels or inhibition of MMP activity has also 
been shown to suppress angiogenesis in vitro and in 
vivo [21]. 

Tumors smaller than 1 to 2 mm in diameter can 
receive nutrients by diffusion, but continued growth of 
the lesions is predicated on neoangiogenesis, which is 
regulated by complex mechanisms mediated by a bal- 
ance between proangiogenic and antiangiogenic cyto- 
kines present simultaneously in the tumor and normal 
stromal tissues [221. VEGF is one of the most potent 
proangiogenic cytokines, and secretion of VEGF by 
tumor cells may be sufficient to ensure neovasculariza- 
tion. The extent of neovascularization correlates with 
aggressive chemical behavior in a variety of nnalignan- 
cies including breast or prostate cancers and melano- 
mas; vascular density and VEGF levels in tumor tissue 
are significant, independent predictors of systemic 
recurrence and diminished survival in patients with 
stage I NSCLC. 

Although tumor dissemination, itself, does not re- 
quire angiogenesis, interruption of angiogenesis 
should prevent the growth of metastatic deposits [22]. 
This is the basis of antiangiogenesis therapies using 
monoclonal antibodies against circulating VEGF or 
VEGF receptors on endothelial cells. Another strategy 
to inhibit angiogenesis involves targeting oncogene or 
tumor suppressor gene mutations directly influencing 
VEGF transcription through the use of Herceptin in 
breast cancer patients whose tumors overexpress 
erbB2, or potentially, by restoration of p53 expression 
using gene therapy techniques [IG, 23]. Our approach 
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has been to use a pharmacologic agent to achieve 
similar endpoints while avoiding monoclonal antibod- 
ies or cumbersome, inefficient adenoviral vectors that 
may have limited use in clinical settings. Conceivably, 
the in vivo antiangiogenesis effect of 17AAGA may be 
more pronounced than anticipated on the basis of our 
in vitro data because this compound suppresses VECF 
expression as well as MMP-9, another potent mediator 
of neoangiogenesis. 

Migration through Matrigel depends on a cell's 
ability to detach from a multicellular aggregate, de- 
grade extracellular matrix, and undergo chemotaxis. 
The relative contribution of each of these phenotypes 
to cell invasiveness is not known. 17AAGA-mediated 
inhibition of cell invasion through Matrigel is the most 
concrete in vitro evidence of the antimetastatic activity 
of this compound. The mechanisms responsible for 
17AAGA-mediated upregulation of E-cadherin, as well 
as inhibition of tumor-derived VECF and MMP-9 se- 
cretion, most likely depend on the depletion of erbB2 
or erbBl proteins and subsequent decreased mitogenic 
stimulation via erbB pathways. This notion is sup- 
ported by the fact that these effects have been observed 
in cancer cells after treatment with antagonistic mono- 
clonal antibodies against erbBl and erbB2 receptors 
[10, 11]. However, additional mechanisms unrelated to 
inhibition of erbB signal transduction may be relevant 
giveii the effects of 17AAGA on a variety of other cell 
cycle regulatory proteins, including Raf-1 and cyclin- 
dependent kinase 4 [13]. 

. In vivo toxicity profiles of geldanamycin and 
17AAGA have been documented in small-animal mod- 
els; renal and hepatic toxicities are dose-limiting 
events [24]. However, the nanomolar concentrations 
required to mediate the "antimetastasis" effects are 
well below the maximal tolerable doses reported in 
animal toxicity studies [24]. Underlying mechanisms 
notwithstanding, our findings extend those pertaining 
to the antiproliferative effects of 17AAGA. These cur- 
rent data, together with our previous observations 
concerning the ability of 17AAGA to sensitize NSCLC 
cells to paclitaxel [25], provide impetus for the evalu- 
ation of 17AAGA in lung cancer patients. 
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DISCUSSION 

DR ROBERT J. KEENAN {Pittsburgh, PA): One of the things 
that struck me was the effect or lack of effect on normal human 
bronchial epithelium. There were at least a couple of cell lines 
that seemed to have similar erbB-1 and erbB-2 expression to the 
normals, and yet there was no effect of your treatment on normal 
tissue. Can you comment on what the potential is for toxicity to 
normal tissues when there is expression of these genes in 
normals? 

DR NGUYEN: Thank you. I am glad you brought up that issue. 
In the two graphs that I showed where we used normal human 
bronchial epithelial cells as a normal control, I did not show the 
effect of 17AAGA. First of all, I can say that when the normal 
human bronchial epithelial cells are grown for 96 hours in vitro 
to reach confluence to mimic the normal condition in vivo, in 
which there are very few mitotic activities, treating these cells 
with 17AACA has no effect on their viability. Treating these cells 
with 17AACA indeed does decrease the erbB-1 and erbB-2 
expression, but that does not affect cell viability. So we know 
from our experiments that this drug is not toxic to normal 
human cells grown to confluence in vitro. I have not tested 
normal human cells in terms of their ability to secrete MMP-9 or 
VEGF at all. 

DR KEENAN: Sometimes there is differential gene expression in 
the metastasis compared with the primary tumor. Do you have 
any data on whether or not some of the antimetastatic effect 
might be related to those differences in gene expression and 
whether your treatment might be more or less effective because 
of that? 

DR NGUYEN: That is a very insightful question. No, I have not 
looked into all the phenotypes. That might contribute to it. The 
"prometastasis" phenotypes evaluated in this project are those 
that have been shown to associate with or actively play a role in 
the process of metastasis formation, but not the metastasis 
deposit itself. 
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dependent enhancement of paclitaxel toxicity in non-small 
cell lung cancer by 17-allylamino 17-demethoxygeldanamy- 
cin. J Thorac Cardiovasc Surg 1999;118:908-15. 



DR JOHN R. BENFIELD (Los Angeles, CA): Could you tell us a 
bit more about the cell lines that you used? There is always the 
problem as to whether cultured cell lines for lung cancer, which, 
are hard to perpetuate, do in fact represent what happens in 
lung cancer in humans. What were the cell lines that you used? 

DR NGUYEN: The H460 is a large-cell carcinoma, the H322 and 
H358 cells are bronchoalveolar carcinoma, and H661 is a large- 
cell carcinoma. So they are all non-small cell lung cancer of 
different subtypes. 

DR BENFIELD: And they have been perpetuated for how many 
passages? Are these well-established cell lines? 

DR NGUYEN: Yes, these cells are well-established, available 
from ATCC. 

DR BENFIELD: Thank you. You alluded to the fact that you are 
ready now for in vivo testing of the agent. There are at least two 
ways in which you could do that preclinically. There are ham- 
sters, non-small cell lung cancer models that are rather well 
established (Benfield JR, Malkinson AM, Schuller HM, Sunday 
ME. Animal models of lung cancer. In: Kane MA, Bui r. :»A Jr., 
eds. Biology of Lung Cancer. New York: Marcel Dekker, 1998: 
247-93). The other thing that you might v/ant to co, sicer is 
placing some of the human tumors into nude mice, ana then 
trying the agent while the nude mice are accepting the tumor. 

DR NGUYEN: Thank you very much. I appreciate your 
suggestion. 

To be specific about what we are doin^ we create either a 
tumor mass in the flank or actually inject the H358 cells 
intravenously via lateral tail veins of nude mice to create a 
metastasis model and then treat the animals at a different 
time point after tumor cell inoculation with 17AAGA. So this 
is the experiment that we are carrying out right now. 



